Background: In patients with aortic stenosis, subtle alterations in myocardial mechanics can be detected by speckle-tracking echocardiography before reduction of left ventricular ejection fraction (LVEF).
However, patients can adapt to a sedentary state, thus avoiding symptoms and complicating clinical assessment. A symptomatic state largely reflects the failure of myocardial compensatory mechanisms, emphasizing that evaluation of the myocardial condition is important in decision making regarding AVR.
Myocardial fibrosis is an early morphologic change in patients with AS. 7 Fibrosis affects myocardial diastolic and systolic function 8 and provides a structural substrate for arrhythmogenicity, playing a major role in sudden cardiac death and progression to heart failure. 9 Longstanding, AS-related maladaptive myocardial changes resulting in fibrosis and ultimately impaired left ventricular (LV) function may persist after AVR and affect clinical outcome. 10 Together, these observations indicate that current echocardiographic assessment of LV function is insufficient and that new parameters detecting subtle myocardial impairment are needed to improve risk stratification and predict outcomes in patients with AS.
Global longitudinal strain (GLS) has been shown to predict outcomes in cardiac patients, 11 including patients after myocardial infarction [12] [13] [14] and those with AS, 15, 16 and has been related to the amount of cardiac fibrosis. 17 Mechanical dispersion by strain echocardiography is relatively independent of LV ejection fraction (LVEF), 14 reflects subtle dyssynchrony, and is related to fibrosis 18 and ventricular arrhythmias after myocardial infarction 14 and in several cardiomyopathies. 19, 20 We aimed to compare the prognostic value of GLS and mechanical dispersion in patients with severe AS. We hypothesized that strain echocardiography is able to uncover subtle abnormalities of LV mechanical properties and that increased contractile heterogeneity is associated with mortality in patients with AS.
METHODS

Study Design and Population
In this prospective, observational pilot study conducted at Oslo University Hospital, Rikshospitalet, we recruited 199 patients with AS between May 2005 and April 2009. Patients were assigned to either surgical AVR or optimal medical therapy after evaluation by a multidisciplinary heart team consisting of cardiac surgeons and clinical and interventional cardiologists. After excluding patients with concomitant significant valvular disease (n = 16), insufficient imaging quality (n = 13), ventricular paced rhythm (n = 6), or atrial fibrillation without sufficient rate control (n = 2), 162 patients were included in the study (Figure 1 ). All participants gave written informed consent. Medical history including cardiac symptoms and medication was obtained from medical records. New York Heart Association functional class was determined by experienced cardiologists. Coronary artery disease (CAD) was defined as a history of angina pectoris, previous myocardial infarction, or evidence of a stenotic epicardial coronary artery or vein graft on angiography ($50% diameter stenosis in the absence of collateral perfusion). A standard 12-lead electrocardiogram was obtained at the time of enrollment for automatic measurement of QRS duration.
Data regarding all-cause mortality until August 1, 2012, were obtained from electronic hospital records, synchronized with the Norwegian National Registry. No patients were lost to follow-up. The study complied with the Declaration of Helsinki and was approved by the Regional Committee for Medical Research Ethics.
Echocardiography
All patients underwent a comprehensive transthoracic twodimensional echocardiographic examination using the Vivid 7 ultrasound system (GE Vingmed Ultrasound, Horten, Norway). Data were analyzed using EchoPAC software (GE Vingmed Ultrasound). AV area (AVA) was calculated using the continuity equation. LVEF was assessed using the Simpson biplane method.
We used valvulo-arterial impedance (Zva), calculated as the sum of systolic arterial pressure and the mean AV transvalvular pressure gradient divided by stroke volume index, as a measure of global afterload. 21 GLS was assessed by speckle-tracking strain and defined as the average of peak negative longitudinal shortening from 16 LV segments using apical four-chamber, two-chamber, and long-axis views ( Figure 2) . 12 We defined contraction duration as the time from the onset of Q/R on the electrocardiogram to peak negative longitudinal strain in 16 LV segments, and mechanical dispersion was calculated as the SD of contraction durations in the same 16 segments.
Feasibility and Variability Analyses
Only patients with technically adequate echocardiograms for speckle-tracking analysis were included, and 94% of the myocardial segments could be analyzed. Strain analyses were performed by two observers (L.G.K., R.M.A.T.B.) and showed interobserver intraclass correlation coefficients of 0.91 (95% CI, 0.62-0.98; P < .01) and 0.94 (95% CI, 0.75-0.99; P < .01) for mechanical dispersion and GLS, respectively, in 10 randomly selected study patients. Measurements of mechanical dispersion and GLS by the same observer (L.G.K.) 10 months apart in 10 randomly selected study patients showed intraobserver interclass correlation coefficients of 0.83 (95% CI, 0.32-0.96; P < .01) and 0.95 (95% CI, 0.81-0.99; P < .01), respectively. 
Statistical Analyses
Continuous data are presented as mean 6 SD and were compared using unpaired Student's t tests or c 2 tests (SPSS version 21.0; SPSS, Chicago, IL). Linear associations were evaluated using multiple regression. Two-sided P values # .05 were considered to indicate statistical significance. Parameters with P values < .20 in univariate comparisons between survivors and nonsurvivors were evaluated using Kaplan-Meier plots and log-rank statistics.
Survival analysis was performed using Cox proportional-hazards regression with AVR as a time-dependent covariate. Variables with P values < .20 for mortality in log-rank tests were assessed using standard univariate Cox regression and in bivariate time-dependent analysis adjusted for AVR. The final multivariate model with AVR as time-dependent covariate was built using both forward and backward manual selection and an automatic stepwise backward procedure, all resulting in the same variable selection. Nested models were compared using likelihood ratio c 2 statistics. We calculated continuous net reclassification improvement and integrated discrimination index between echocardiographic models using the method of Pencina et al., 22, 23 including the same variables used in the multivariate analysis. The proportional-hazards assumption was tested using Schoenfeld residuals. Survival analyses were performed in R version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Clinical Characteristics and Echocardiographic Results
Baseline clinical characteristics both stratified according to survival status and for the total cohort are summarized in Table 1 . A total of 162 patients (48% women) with severe AS were included in the study and followed for 37 6 13 months. Mean age was 75 6 9 years, and 106 patients (65%) had at least one cardiovascular risk factor (hypertension, diabetes mellitus, or hypercholesterolemia) at inclusion. Most patients (n = 143 [88%]) were in New York Heart Association class II or III, and 72 (44%) had histories of CAD. Average QRS duration was 103 6 17 msec. Among the 16 patients with QRS duration > 120 msec, four patients had left bundle branch block. Intraventricular conduction delay was similarly distributed between survivors and nonsurvivors (P = .23).
All 162 patients were potential candidates for surgery. After evaluation by a multidisciplinary heart team, surgical AVR was (17) 21 (17) 7 (19) .81
ACE, Angiotensin-converting enzyme; BMI, body mass index; BSA, body surface area; NYHA, New York Heart Association. Data are expressed as mean 6 SD or as number (percentage). Comparisons were performed using unpaired Student's t tests or c 2 tests. *P value refers to comparisons between survivors and nonsurvivors.
performed in 120 patients (74%; 49 with concomitant coronary artery bypass graft), whereas 42 were deemed ineligible for surgery. Reasons for conservative treatment cited in the electronic medical records were sparse symptoms or lack of motivation (n = 23) and comorbidities (n = 19, including one death while on the waiting list for AVR). Reasons for ineligibility for surgical AVR were similarly distributed between survivors and nonsurvivors (P = .20). Five patients received permanent pacemakers during follow-up, all because of atrioventricular conduction disorders. Four of these patients had been treated with AVR. No implantable cardioverter-defibrillator was implanted in the study population.
By echocardiography, all patients had AS, with a mean gradient of 56 6 23 mm Hg and mean AVA of 0.68 6 0.22 cm 2 ( Table 2) . Severe AS with normal flow (stroke volume index > 35 mL/m 2 ) was present in 69% of patients (n = 112). Among patients with low-flow AS (stroke volume index # 35 mL/m 2 ) 22% (n = 35) had high gradient (AV mean gradient > 40 mm Hg), while 9% (n = 15) had the combination of both low flow and low gradient (AV mean gradient # 40 mm Hg). Overall, the patients had LV septal hypertrophy (1.3 6 0.3 cm), had nondilated left ventricles, and exhibited diastolic dysfunction (mean E/e 0 ratio, 18.5 6 10.8) with mild left atrial enlargement (24 6 6 cm 2 ). Despite normal LVEF (60 6 11%), LV GLS (À16.2 6 3.9%) was reduced. Average mechanical dispersion in the total patient population was 64 6 20 msec (Figure 3) . The coefficients of variation for mechanical dispersion and GLS were 0.31 and 0.24, respectively.
Multiple regression analysis showed linear associations between AV mean pressure gradient, stroke volume index (P < .01), and LVEF (P < .01) and GLS (P < .01), but not with mechanical dispersion. Collinearity was not observed. QRS duration and mechanical dispersion were not linearly associated.
Comparisons between Survivors and Nonsurvivors
Thirty-seven patients died during follow-up, 11 (30%) in the AVRtreated group and 26 (70%) in the group receiving standard medical therapy. The deaths among AVR-treated patients included one patient who died within 30 days of surgery (30-day post-AVR mortality, 0.8%).
In general, nonsurvivors were older and had a higher prevalence of CAD, had higher levels of creatinine, used more diuretics, and were less likely to undergo AVR (Table 1) . Although fractional shorting, LVEF, cardiac output, and stroke volume were lower and LV enddiastolic diameter was larger in nonsurvivors (Table 2 ), values were still within normal reference ranges. Furthermore, nonsurvivors had higher tricuspid regurgitation peak gradient and a tendency toward more pronounced diastolic dysfunction by E/e 0 ratio (Table 2 ). AVA and AV mean gradient were similar in both groups (Table 2) .
Speckle-tracking echocardiography showed that nonsurvivors had more pronounced mechanical dispersion and worse GLS. Despite a higher prevalence of CAD among nonsurvivors (P = .04), mechanical dispersion and GLS did not differ in patients with or without CAD (64 6 20 vs 64 6 20 msec [P = .93] and À16.1 6 3.7% vs À16.3 6 4.4% [P = .81], respectively) or when comparing AVRtreated patients with and without combined coronary artery bypass grafting (60 6 20 vs 62 6 17 ms [P = .48] and À16.3 6 3.6% vs À16.8 6 3.6% [P = .48], respectively). Echocardiographic findings in the conservatively treated patients are presented in Supplemental Table 1 (available at www.onlinejase.com).
When comparing LV deformation parameters in conservatively treated patients with LVEFs > 50% (n = 30), mechanical dispersion was higher in nonsurvivors (72 6 20 vs 58 6 14 msec [P = .03]), while LVEF and GLS were similar in nonsurvivors and survivors (P = .66 and P = .76, respectively).
Survival Analysis
Kaplan-Meier analysis showed that overall survival was closely related to AVR status, with significantly lower all-cause mortality in the AVR group (log-rank P < .01; Figure 4) .
Kaplan-Meier analysis for GLS using the American Society of Echocardiography and European Association of Cardiovascular Imaging recommended lower limit of normal of À18% 24 as a cutoff showed that patients with AS with worse GLS had higher all-cause mortality (log-rank P = .03; Figure 5 ). Mechanical dispersion has not been previously studied in valvular diseases. However, mechanical dispersion above approximately 70 msec has been shown to be a marker of adverse outcome in hypertrophic, 18 ischemic, 12 and nonischemic dilated cardiomyopathy. 19 Applied to this cohort of patients with AS, a mechanical dispersion cutoff of >70 msec was associated with all-cause mortality (log-rank P < .01; Figure 5 ).
The initial evaluation of candidate variables for the Cox regression model (P < .20) showed that the deformation parameters GLS, mechanical dispersion, and LVEF were univariate predictors of mortality along with conventional echocardiographic measures of flow and gradient (AV mean gradient, stroke volume index, and Zva; Table 3 ). When including these variables in bivariate time-dependent analysis adjusted for AVR, all echocardiographic variables except AV mean gradient (P = .06) were predictors of mortality (Table 3) . Comparison of correlates of flow and gradient in time-dependent bivariate Cox models adjusted for AVR revealed that Zva had better performance than AV mean gradient and stroke volume index. The final multivariate Cox regression model of echocardiographic variables with AVR as a time-dependent covariate resulted in a model consisting of LVEF, mechanical dispersion, and AVR (Table 3) .
Of the nonechocardiographic variables in the bivariate analysis, only QRS duration had a significant association with mortality (Table 3 ). In a multivariate Cox model with AVR as a timedependent variable, both QRS duration (hazard ratio per 1-msec increase, 1.02; 95% CI, 1.01-1.04; P = .03) and mechanical dispersion (hazard ratio per 10-msec increase, 1.19; 95% CI, 1.03-1.38; P = .03) remained independently associated with mortality.
Incremental Value of Strain Parameters
The addition of mechanical dispersion to three separate bivariate Cox regression models consisting of the echocardiographic parameters GLS, LVEF, and Zva adjusted for AVR (time-dependent covariate) showed significant improvement of 2 log-likelihood c 2 (Table 4 , Figure 6 ), continuous net reclassification improvement, and integrated discrimination index (Table 4) , demonstrating the incremental prognostic value of mechanical dispersion. The addition of 
DISCUSSION
This study demonstrated that pronounced mechanical dispersion at baseline was a predictor of worse prognosis in patients with severe AS independently of LVEF, flow status, or treatment (AVR vs medical treatment), providing incremental prognostic information in addition to LVEF, GLS, and correlates of flow and gradient. Although both GLS and LVEF are modified by chronic afterload increase, mechanical dispersion may be less afterload dependent and may be a marker of underlying fibrosis important for prognosis. This is the first study assessing clinical outcomes of mechanical dispersion in patients with AS using speckle-tracking strain techniques by echocardiography.
The most important finding of our study was that more pronounced mechanical dispersion was associated with adverse outcomes in patients with AS. Furthermore, increased mechanical dispersion in conservatively treated nonsurvivors with LVEFs > 50% suggests that mechanical dispersion could be a specific marker for arrhythmic risk, while GLS may be a marker of death of heart failure. This finding indicates a new, possible link between pronounced mechanical dispersion and myocardial fibrosis, here as a result of AS-related remodeling.
Increased LV mechanical dispersion reflects inhomogeneous myocardial contractions 20 and has been linked to myocardial fibrosis Figure 5 Kaplan-Meier plots of event-free survival by mechanical dispersion and GLS. Kaplan-Meier event-free survival in 162 patients with AS by mechanical dispersion (left) and GLS (right). in patients with inherited hypertrophic cardiomyopathy. 18 Our group recently demonstrated that mechanical dispersion has added value in the prediction of ventricular arrhythmias and death compared with LVEF and GLS alone in ischemic cardiomyopathies.
12,14 The upper normal limit for mechanical dispersion has been reported to be 35 msec, 25 while optimal cutoff values for the prediction of ventricular arrhythmias in hypertrophic, 18 ischemic, 12 and nonischemic dilated cardiomyopathy 20 were approximately >65 to 70 msec. Furthermore, mechanical dispersion > 64 msec optimally detected fibrosis in patients with hypertrophic cardiomyopathy examined with both echocardiography and cardiac magnetic resonance imaging. 18 On the basis of our studies of healthy control subjects and different cardiomyopathies, mechanical dispersion > 65 to 70 msec seems to be an equitable cutoff value in patients with severe AS, in whom fibrosis, ischemia, and ventricular arrhythmias might promote adverse outcomes. The presence of abnormal LV mechanics in patients with AS and preserved LVEFs is well known. [26] [27] [28] [29] Previous studies have shown that these patients have reduced longitudinal myocardial function that improves after AVR. 30 Furthermore, the impairment of LV function seems to follow a pattern in which reduction of longitudinal function is accompanied by an initial compensatory increase in circumferential contraction, even before these mechanisms fail, leading to symptoms and eventually reduction of LVEF. 31, 32 Yamawaki et al. 33 used speckle-tracking imaging in 30 patients with severe AS and preserved LVEF and demonstrated that longitudinal mechanical dyssynchrony present at baseline in basal levels of LV improved after surgical repair. Our study confirmed these results by showing that patients with severe AS have reduced longitudinal function by GLS and pronounced mechanical dispersion.
It is well recognized that malignant ventricular arrhythmias are responsible for the high incidence of sudden cardiac death in patients with symptomatic AS. 34 Mechanistically, it is still unclear whether this is related to LV dysfunction, LV hypertrophy, myocardial fibrosis, the outflow obstruction, or a combination of these factors. [34] [35] [36] Chronic afterload increase imposed by AS initiates multiple cardiac adaptions, including fibrosis, which together with different comorbidities contribute to pronounced mechanical dispersion in these patients. We believe that increased mechanical dispersion is a marker of a myocardium at risk and may be an early marker of arrhythmic risk and risk for sudden death in patients with AS.
Severe AS carries a dismal prognosis when managed conservatively. 37 Advanced age, low LVEF, congestive heart failure, and renal failure are predictors of mortality in patients with AS. 37 The indication for valve replacement in asymptomatic patients solely incorporates LVEF as a marker of myocardial performance. 36 Although globally measured impaired LVEF is indicative of marked LV dysfunction, it occurs late in the disease process. On the contrary, strain echocardiography is able to detect subtle mechanical abnormalities before macroscopic LV dysfunction and has been associated with clinical outcomes in inherited hypertrophic cardiomyopathy and AS with normal LVEF and with symptomatic status in patients with AS. [38] [39] [40] Improved risk stratification in asymptomatic patients with severe AS can identify subjects who would benefit from earlier AVR. Because myocardial fibrosis progresses rapidly and may persist in the presence of severe AS, it can affect recovery and serve as an arrhythmogenic substrate. Improved assessment of LV function by new parameters from strain echocardiography may allow better timing of therapeutic intervention than conventional parameters.
Clinical Implications
At present, the best predictor for sudden cardiac mortality in patients with severe AS is the development of symptoms. AS-related symptoms may, however, be overlooked because of gradual changes in lifestyle, patients slowly adapting to the severity of the disease. Early detection of myocardial fibrosis can possibly lead to the early identification of patients at risk for arrhythmic death. In this prospective study, we showed that mechanical dispersion and GLS assessed by strain echocardiography could detect subtle LV mechanical abnormalities reflecting interstitial fibrosis and were associated with poor outcomes. Patients with asymptomatic AS with preserved LVEFs and marked mechanical abnormalities might be considered for earlier Figure 6 Incremental predictive value of mechanical dispersion. Significant (2 log likelihood c 2 ) incremental improvements in predictive value of time-dependent AVR-adjusted Cox regression models by addition of mechanical dispersion (MD) to GLS, Zva, and LVEF. AVR treatment as a time-dependent variable. 
Limitations
The observational design made the study prone to inherent bias. Nevertheless, the study showed valuable hypothesis-generating results that should be validated in larger clinical cohorts. Special attention should be on patients with asymptomatic AS and the potential role of mechanical dispersion in the prediction of events, development of symptoms, and timing of intervention. It should also be tested in a cohort solely of AVR patients to investigate whether a potential decrease in mechanical dispersion after interventional afterload reduction is associated with mortality. Furthermore, we focused on all-cause mortality as the primary end point. Data on specific causes of death and prevalence of life-threatening arrhythmias were not available but might have strengthened the associations among mechanical dispersion, fibrosis, and sudden cardiac death in patients with AS. Even though LVEF was lower in nonsurvivors, average LVEF was still within the lower range of normal references according to guidelines. However, this means that at least some patients in this group had subnormal LVEFs, making the study population less uniform. Strain measurements are dependent on good image quality and operator experience, as are all echocardiographic measurements. Finally, as opposed to strain parameters, conventional echocardiographic correlates of flow, gradient, and myocardial function examined in this study may have influenced decision making regarding AVR and indirectly the primary end point.
CONCLUSIONS
LV mechanical dispersion was increased in patients with AS. Increased mechanical dispersion was independently associated with mortality and could confer additional risk.
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